We study the collective dynamics of elongated swimmers in a very thin fluid layer by devising long, filamentous, non-tumbling bacteria. The strong confinement induces weak nematic alignment upon collision, which, for large enough density of cells, gives rise to global nematic order. This homogeneous but fluctuating phase, observed on the largest experimentally-accessible scale of millimeters, exhibits the properties predicted by standard models for flocking such as the Vicsek-style model of polar particles with nematic alignment: true long-range nematic order and non-trivial giant number fluctuations.
We study the collective dynamics of elongated swimmers in a very thin fluid layer by devising long, filamentous, non-tumbling bacteria. The strong confinement induces weak nematic alignment upon collision, which, for large enough density of cells, gives rise to global nematic order. This homogeneous but fluctuating phase, observed on the largest experimentally-accessible scale of millimeters, exhibits the properties predicted by standard models for flocking such as the Vicsek-style model of polar particles with nematic alignment: true long-range nematic order and non-trivial giant number fluctuations. Collective motion of self-propelled elements, as seen in bird flocks, fish schools, bacterial swarms, etc., is so ubiquitous that it has driven physicists to search for its possibly universal properties [1] [2] [3] . If generic and robust features of such active matter systems exist, they should also be present in the emergent phenomena observed in simple models. Evidence for such universality has been provided by many theoretical and numerical studies of dry active matter systems where local alignment competes with noise, following the seminal works by Vicsek et al. [4] , Toner, Tu , and Ramaswamy et al. [5] [6] [7] [8] [9] . It was notably understood that the transition to orientational order/collective motion, in this context, is best described as a phase-separation between a disordered gas and an ordered 'liquid' separated by a coexistence phase whose nature depends on the symmetries of the system [3, [10] [11] [12] [13] [14] [15] [16] . The homogeneous but highly fluctuating liquid phase is characterized by unique properties often different from those of equilibrium orientationally-ordered phases. In particular, the crucial coupling between the order and the density fields generates anomalously-large number fluctuations from the algebraic correlations of orientation and density [5] [6] [7] [8] [9] .
Such 'giant' number fluctuations (GNF), being relatively easy to measure experimentally, have become the landmark signature of orientationally-ordered active matter. Several experimental studies have indeed searched for GNF using controllable systems simpler than bird flocks and fish schools such as biofilaments driven by molecular motors [17] , colloids consuming electric energy [18] , shaken granular materials [19] [20] [21] , monolayers of fibroblast cells [22] , and common bacteria [23, 24] . However, none of these experiments has been fully convincing in demonstrating the presence of bona fide GNF * nishiguchi@daisy.phys.s.u-tokyo.ac.jp as predicted from the works of Toner, Tu, Ramaswamy et al. [3, 7, 8] , and observed in Vicsek-style models [10, 11, 13, 14] . These GNF have to be discussed in a fluctuating phase with global long-range orientational order and are distinct from the trivial, non-asymptotic ones present in the case of phase-separation into dense clusters sitting in a disordered sparse gas. In some experiments, only normal number fluctuations were found [17, 18] . In others, GNF were reported for systems not in the fully ordered phase [17, 19, 20, 22, 23, 25] . Finally, Refs. [21, 24] show some evidence of GNF only in numerical models of the experiments described. (Detailed interpretations on the above experiments are given in the Supplemental Material [26] .) Difficulties and pitfalls indeed abound to observe unambiguous Toner-Tu-Ramaswamy phenomena: very large systems are typically needed; external boundaries thus prevent their observation; it is often difficult to distinguish the coexistence phase from the liquid phase, leading one to confuse the non-asymptotic fluctuations due to clustering with the GNF of the orientational liquid; strong steric interactions in dense systems may overcome alignment effects; additional long-range interactions may tame density fluctuations.
In this Rapid Communication, we report a biological system that constitutes an experimental realization of an orientationally-ordered active liquid as described by Toner, Tu, Ramaswamy et al [5] [6] [7] [8] [9] . Specifically, we study the collective dynamics of long, filamentous, nontumbling bacteria swimming in a very thin fluid layer between walls. Strong confinement and the high aspect ratio of cells induce weak nematic alignment upon collision, which gives rise to global nematic order at sufficiently high density of cells. We show that this homogeneous but fluctuating ordered phase, observed on the largest experimentally-accessible scale of millimeters, exhibits the same properties as the Vicsek-style model of polar particles with nematic alignment [13] : true longrange nematic order and non-trivial GNF.
The collective behavior of bacteria is a vast topic of research with obvious and crucial biological interest. Bacteria have also been widely used by physicists as attractive active matter systems. Both crawling/sliding and swimming bacteria have been used, but so far, no very long-range ordering/collective motion has been observed. Sliding myxobacteria, for example, align, collide and form very dense ordered clusters, but these clusters are of limited size, being easily destroyed upon collision and moving in directions [25] . Bacillus subtilis swimming/swarming on agar surfaces form loose ordered clusters with anomalous density fluctuations, again of limited size and moving in various directions [23] . Dense suspensions of swimming cells typically give rise to 'bacterial turbulence' [23, 24, [27] [28] [29] , i.e. a chaotic regime with a dominant length scale of about 10-20 cell lengths. Two factors are often invoked to explain this situation: (i) Long-range hydrodynamic interactions are theoretically known to destabilize ordered states [30] [31] [32] [33] [34] ; (ii) the aspect ratio of cells is too small to lead to strong alignment upon collision [24] . To prevent these two pitfalls, we devised a system of filamentous cells of Escherichia coli bacteria (E. coli) [35, 36] confined between two solid walls with a small, micron-size gap. In addition to the information provided below, full details on our experimental setup can be found in the Supplemental Material [26] .
The filamentous bacteria were obtained by incubating usual E. coli cells under the influence of the antibiotic cephalexin (20 µg/ml), which allows cell growth but inhibits cell division. We used a non-tumbling chemotactic mutant strain RP4979, insuring persistent motion. Cells were transformed to express yellow fluorescent protein.
The filamentous cells have flagella all around their bodies at the same density as usual bacteria, and are still able to swim [35, 36] . Because the swimming speed gradually decreases with their length [36] , we used the bacteria with a moderate body length of ∼ 19 ± 5 µm (±: standard deviation) which have an aspect ratio of about 25 (see the Supplemental Material [26] for cell length distribution).
The suspension of filamentous cells, after concentration, was sandwiched between a coverslip and a polydimethylsiloxane (PDMS) plate without any spacers to make as thin a chamber as possible, except for some wells as suspension reservoirs. We thus achieved a gap of about ∼ 2 µm. Such a strong confinement contributed to suppress the destabilizing fluid flow due to no-slip boundary conditions on the walls. The confinement also helped preventing bacterial circular motion near solid walls [37] : The hydrodynamic interactions with each wall compensated each other [38] , enabling our bacteria to swim straight over the longest distances (millimeters) considered below. Note that the gap width required for straight motion is larger for longer bacteria, so the use of the filamentous cells made it easier to design our experimental setup.
After waiting for the initial fluid flow -triggered when introducing the suspension-to be suppressed, we cap- tured movies by a CMOS camera (Baumer HXG40, 2048 × 2048 pixels, 12 bit) at 5 Hz through an inverted fluorescent microscope (Leica DMi8) with an objective lens (HC PL FLUOTAR, 10×, NA=0.30). The area of the field of view was 1.12 × 1.12 mm 2 , a size limited by our will to be able to distinguish individual cells on the recorded images. The duration of the analyzed movies was 400 seconds (2000 frames), and there was no detectable change in bacterial lengths during the experiments (see the Supplemental Material [26]). The microscope was equipped with an adaptive autofocusing system to reduce unwanted intensity fluctuations. We subtracted time-averaged dark current images from the obtained images and divided them by fluorescent images of homogeneous fluorophore (fluorescein) to calibrate the spatial inhomogeneity of the excitation light source. The dark current images were also subtracted from the fluorescent images beforehand (see the Supplemental Material [26] ). Thanks to the permeability of PDMS to oxygen, typical experiments could be run for about 30 minutes without discernible changes in the behavior of the cells.
Our setup was thin enough to make it difficult for bacteria to cross each other without collisions. We have collected statistics on thousands of binary collisions using movies taken at a relatively low density of bacteria. (Details on the detection and analysis of collision events are given in the Supplemental Material [26].). Some clear events of 'nematic alignment' upon collision are shown in Fig.1a : Two bacteria incoming at some acute (obtuse) angle θ in end up parallel (antiparallel). Overall, however, alignment is weak, and many events do not result in such ideal nematic alignment with the outgoing angle θ out ≃ 0
• or 180
• . In Fig.1b , we show that the difference between incoming and outgoing angles ∆θ = θ out − θ in is on average negative for θ in < 90
• and positive for θ out > 90
• , characteristic of nematic alignment. We note also that our setup allows for a significant fraction of events where bacteria cross each other undisturbed. (On the other hand, we recorded no events where alignment occurs without collision, ruling out hydrodynamic effects.) We believe this makes our system closer to Vicsek-style models where strong noise allow for nonalignment or even disalignment, something impossible in strictly two-dimensional experiments [23] [24] [25] 27] .
In experiments at low density of cells, or with a larger spacing (∼ 10 µm) between the two surfaces, cells do not align enough to order on large scales ( Since it is very difficult to determine the polarity θ of each bacterium at such large concentration, a direct estimate of the nematic order parameter Q = | e 2iθ | previously used even in experiments [39] is out of reach, and we opted instead for the 'structure tensor' method used previously, e.g., for measuring the orientation of collagen fibers [40] . Specifically, given an intensity-calibrated image f (x, y), one calculates the following tensor over a given region of interest (ROI):
where g, h = ROI g h dx dy. The eigenvalues λ min and λ max of J then give an estimate of the scalar nematic ) for the ordered state in a magnified range (log-log scale). The curvature in this log-log plot indicates slower decay than a power law. The last 3 points were excluded from the fit because they were not reliable due to longer correlation times and inhomogeneities at such large-scales. Inset: the same data from which the estimated asymptotic value of C∞ = 0.505 has been subtracted (log-log scale). order parameter, called the 'coherency parameter'
whereas the eigenvector corresponding to λ min gives the orientation of the global nematic order in the ROI. We have measured the nematic order parameter C for square ROIs of various area S, where the average is taken over both space and time. In the disordered phases observed either at low density or at high density but in a thicker layer of fluid, we find that C ∼ 1/ √ S, the same behavior as the conventional nematic order parameter Q in the case of finite spatial correlation length (Fig. 3a  and [41] ). In the ordered regime observed at the high density and with thin apparatus, on the other hand, we observe no topological defects and a very slow decay of the nematic order parameter. As shown by the curvature of the log-log plot in Fig. 3b , this decay is slower than a power law. This is the signature of true long-range order. As a matter of fact, an excellent fit of the data is an algebraic approach to some finite asymptotic value of C − C ∞ ∼ S β , with C ∞ = 0.505 and β = −0.66 (Fig. 3b) . Similar finite-size scaling was found in the model studied in Ref. [13] .
To quantify number fluctuations, instead of directly detecting each bacterium (again a difficult task), we binarized our images using the commonly-used Otsu's method [43] and counted, in each square ROI centered at the field of view, the number of pixels N (t) covered by bacteria at time t. The binarization process has the advantage of correcting for the slight differences in intensity resulting from variations of the height of bacteria or fluctuations in the overall light intensity. On the other hand, it leads to small systematic underestimates in the case (Fig. 3c) .
We also measured correlations of fluctuations in the director n of the long-range nematic phase in our experiment. From the structure tensor analysis, we have the local director field n and thus we can calculate the twopoint correlation function [45] of local director deviations from the global order δn ⊥ = n − n 0 ,
where n 0 is the global director obtained by spatially averaging n and δn ⊥ is a signed norm of δn ⊥ , which is shown in Fig. 4a (see the Supplemental Material [26] for details).
In the longitudinal direction along n 0 , Corr(R) decays algebraically from the cell length up to the scale where the inhomogeneities of the setup are more pronounced or the constraint δn ⊥ (t, r) r = 0 makes Corr(R) become negative (Fig. 4b) . These algebraic correlations in fluctuations can be associated with the Nambu-Goldstone mode and GNF [5] [6] [7] [8] .
A few comments are in order. Our system can be seen as a collection of self-propelled rods without velocity reversals that align nematically. It should thus be compared a priori to the Vicsek-style model of polar particles with nematic interactions studied in Ref. [13] . Indeed, this model was shown to have true long-range nematic order over all numerically tested scales, as well as GNF with a scaling exponent of α ≃ 0.75. Our experimental findings are thus in full qualitative if not quantitative agreement with [13] . Our estimate of α is somewhat smaller, but this could be ascribed to both the limited range of accessible statistically-significant scales and/or excluded volume effects, which, after all, rule most if not all interactions in our system. Our findings, like those of Ref. [13] , challenge existing theoretical works. The linear theory of Ramaswamy et al. for active nematic phases [8, 9] predicts quasi longrange order in two dimensions (i.e. an algebraic decay of nematic order to zero with increasing system size), and GNF with a scaling exponent of α = 1. At the nonlinear level, a perturbative renormalization group treatment has been performed for active nematics without the density field, and concluded that the linear predictions should hold [46] . But, as already pointed out in Refs. [8, 46] , nonlinear effects, especially some involving the density field, could change all this.
Regarding GNF, the value of α in the Toner-TuRamaswamy orientationally-ordered phases is still the matter of debate, even in the case of polar flocks. The value predicted by Toner and Tu in Refs. [5, 6] , 4 5 , may not be exact, as originally claimed [7] , and it was only approximately confirmed numerically on the original Vicsek model in Refs. [10, 11] . For 'pure' active nematics (apolar particles with fast velocity reversals), the latest numerical estimate of α is again around 4 5 [14] , in contradiction with the linear theory. Here and in Ref. [13] a slightly smaller value was again found.
In fact, a legitimate question, raised in past works [3] , is whether self-propelled 'rods' constitute an entirely different class from polar flocks and active nematics. Their globally nematic phase can be seen as the superposition of two polar systems exchanging particles at some rate. As remarked in Ref. [13] , this rate is low, and it defines a finite but large time/length, over which particles go in one of the two main directions defining the global nematic order. In our experiment, this length scale is certainly larger than our field of view, and thus, like in Ref. [13] , we are unable to probe system sizes much larger than it.
Although the theoretical issues outlined above should still be resolved, our results provide the first unambiguous, large-scale, experimental evidence of the characteristic properties of order and fluctuations in globallyordered homogeneous active phases predicted by the standard models of aligning self-propelled particles. In this context, future work will focus on obtaining better control on the density of bacteria so as to be able to study the transition to nematic order. At the biological level, one could speculate that the long-range correlations put forward here might provide a means to collectively probe scales far beyond the individual cell's capacity. We used a non-tumbling chemotactic mutant strain of Escherichia coli (RP4979, ∆cheY, [? ] ) that had been transformed to express yellow fluorescent protein (plasmid: pZA3R-YFP). The strain RP4979, unlike a wild type stain RP437, lacks CheY protein responsible for flagella rotational switch. This CheY deleted mutant exclusively rotates flagella in counterclockwise (CCW) direction and swim persistently without tumbling. The bacteria taken from a frozen stock were grown overnight for 16 hours in Luria Broth (LB) with a selective antibiotic (chloramphenicol 33 µg/ml) shaken at 200 rpm at 30
• C. Then this culture was diluted 100-fold in 10ml of Tryptone Broth (TB, 1 wt% tryptone and 0.5 wt% NaCl) with the selective antibiotic (chloramphenicol 33 µg/ml) and incubated in a 125 ml flask shaken at 200 rpm at 30
• C. After 2 hours, the antibiotic cephalexin was added at the final concentration 20 µg/ml and we continued growing bacteria for another 3 hours to obtain filamentous cells. Although lengths of cells can be controlled by varying the duration of incubation after adding the antibiotic, their swimming speed gradually decreases with their lengths. We chose moderate body lengths ∼ 19 ± 5 µm (±: standard deviation) to obtain cells with both sufficient nematic interactions and sufficient swimming speed (Fig. S1) . To concentrate the obtained suspension, 1ml of the suspension was mildly passed through a membrane filter with 0.22 µm pores (Merck Millipore, Isomer GTBP01300) and we retrieved the concentrated suspension from the membrane.
This concentrated suspension was placed on a coverslip (MATSUNAMI, thickness 0.12-0.17 mm) and then sealed with a PDMS plate for observation. The PDMS plate was patterned with some wells which the excess fluid can escape into and can work as bacterial reservoirs. We used PDMS because it transmits oxygen required to sustain higher motilities of bacteria. Prior to putting the suspension onto the coverslip, the coverslip and the PDMS plate were soaked in 1 wt% bovine serum albumin (BSA) solution for more than 1 hour in order to prevent the bacteria from sticking on the surfaces. To reduce the gap width, we slightly pressed the PDMS plate. After waiting for the initial fluid flow to be suppressed, we captured movies by a CMOS camera (Baumer HXG40, 20482048 pixels, 12 bit) at 5 Hz through an inverted fluorescent microscope (Leica DMi8 with Adaptive Focus Control) with an objective lens (Leica HC PL FLUOTAR, 10×, NA=0.30). The area of the field of view was 1.12 × 1.12 mm 2 . The microscope was equipped with an adaptive autofocusing system to reduce unfavorable intensity fluctuations. The duration of the analyzed movies was 400 seconds (2000 frames) and there was no detectable change of bacterial lengths during the experiments (Fig. S1 ). Hence this fact of no cell elongation together with inhibition of cell divisions insures that there is no gradual increase of the total number of bacteria or the area fraction, although in other usual bacterial experiments the number of bacteria doubles in approximately 20 minutes in the best conditions.
We note that the collision analysis shown in the Fig.1 in the main text were captured through another microscope (Nikon ECLIPSE TE2000-U) with different objective lenses (Nikon Plan Fluor ELWD, 40×, NA=0.60 for Fig.1a , and Nikon Plan Fluor, 10×, NA=0.30 for Fig.1b) . 
B. Image processing
Before estimating the coherency parameter, the number fluctuations, and the correlation functions, we first calibrated the intensity of the captured images as shown in Fig. S2 . We subtracted time-averaged dark current images from the obtained images of fluorescent E. coli (Fig. S2a) and divided them by fluorescent images of homogeneous fluorophore (fluorescein) (Fig. S2b) to calibrate spatial inhomogeneity of the excitation light source. The dark current images were also subtracted from the fluorescent images beforehand. In summary, (calibrated image) = (fluorescent E. coli image) − (dark current image) (fluorophore image) − (dark current image) .
Using these calibrated images (Fig. S2c) , we calculated the coherency parameter C, an estimate of the nematic order parameter, by using the structure tensor method [2] . We changed the box size S and moved the boxes in such a way that each box does not overlap each other in order to ensure that all the pixels are used only once for the calculation, and then obtained mean values C by taking spatial and temporal averages.
When quantifying number fluctuations, we counted the number of pixels N (t) covered by bacteria at time t instead of directly detecting each bacterium. We binarized the calibrated images in order to correct the slight differences in intensity resulting from variations of the height of bacteria or fluctuations of the excitation light intensity (Fig. S2d) . We calculated a binarization threshold for each frame by applying commonly used Otsu's method [3] in MATLAB and used their average value. The boxes used for calculating N (t) were all centered at the field of view in order to avoid incorporating the spatial inhomogeneity of the setup into 'number fluctuations'. In this analysis, a single filamentous bacterium corresponds to approximately N ∼ 100 pixels.
C. Collision analysis
We investigated binary collisions and quantified interactions due to collisions. To decrease the number of multiparticle collisions, suspension of filamentous bacteria prepared in a way described above was diluted 3-fold in fresh Tryptone Broth with chloramphenicol. This diluted suspension was sandwiched between a coverslip and a PDMS plate in the same manner as in the experiment for the global nematic phase. We detected and tracked the center of mass of each bacterium from binarized images. We defined the beginning of a collision as a merger event of two white objects in the binarized images that were isolated in the previous frame, and the end of the collision as a splitting event of that connected object. We inspected thousands of automatically detected merger events by eye and excluded multi-particle collisions. Thus we obtained 2204 collision events with accurate tracking.
Incoming angles θ in and outgoing angles θ out are calculated as angles formed by instantaneous velocity vectors of two bacteria just before and after the collision events respectively (Fig. S3a) . The velocity vectors are calculated from differences of positions in two successive frames separated by 0.2 seconds. Collision events with duration longer than 15 frames (3 seconds) are defined as complete polar alignment events (θ out = 0
• ). All the analyzed data are shown in Fig. S3b . Red data points in Fig. S3b are mean values and standard deviations of θ out calculated via binning θ in at every 10
• . We note that the number of observed events in acute angles is biased to be smaller than that in obtuse angles, because durations of collisions with acute angles are usually longer and the probability of forming multi-particle collisions is higher. 
D. Correlation function
The correlation function of director fluctuations Corr(R) was calculated from the director field obtained by the structure tensor method. We took ROIs of 64 × 64 pixels shifted by 8 pixels in either direction (87.5 % overlap, 249 × 249 boxes in total). We calculated the local direction θ(t, r) of the director field for each 64 × 64-pixel ROI from the structure tensor method [2] . Using θ(t, r), we can calculate a correlation function,
which is used for nematic liquid crystals [4] . As is often the case, we assume the deviation δn ⊥ = n − n 0 of the local director n from the global mean director n 0 is small. Because |n| 2 = |n 0 | 2 = 1 holds by definition,
and hence n 0 · δn ⊥ = 0 holds, meaning the fluctuations of the director field have only transverse components. The transverse component δn ⊥ of δn ⊥ can be obtained as
where the integral is over the whole field of view and A is its area. Then we calculated δn ⊥ (t, r)δn ⊥ (t, r + R) r and then averaged over time t,
To reduce the computational cost and to avoid calculating correlated successive images, we used every 20 frame of the movie (100 frames in total).
E. Interpretations on existing experiments
Here we detail existing experimental studies reporting 'giant number fluctuations (GNF)', which is not actually measured in a bona fide Toner-Tu-Ramaswamy phase. Let us state here again what we mean by 'the bona fide GNF'. These GNF have to be discussed in a fluctuating phase with global long-range orientational order (the Toner-TuRamaswamy phase) and are distinct from the trivial, non-asymptotic ones present in the case of phase-separation into dense clusters sitting in a disordered sparse gas.
To the best of our knowledge, the only reported experiments that could satisfy all these conditions are the shaken granular particles of Deseigne et al. [5] and of Kumar et al. [6] . Unfortunately, these types of granular systems are composed of millimeter-sized particles and are limited by their boundaries, and long-range order cannot develop much. Moreover, Deseigne et al. could not bring their system to function deep in the ordered phase (as explained in Weber et al. [7] ) so that the fluctuations they recorded experimentally were those inherent to the transitional region. As a result, bona fide GNF could only be observed in silico, i.e. in the faithful numerical models presented in Kumar et al. [6] and in Weber et al. [7] .
All other works we cite do not satisfy all conditions listed above.
• The shaken granular rods of Narayan et al. [8] are again strongly affected by boundaries and suffer from the small system size, as is the case with the other granular experiments. Consequently, there exist many topological defects in the director field of the rods.
• Zhang et al. [9] are dealing with a globally disordered phase made of coexisting finite-size ordered clusters moving around in various directions. Even inside such ordered clusters, orientation/velocity correlations decay so rapidly at the length scale as small as 8 µm(≈ 2 bacterial body lengths) .
• The myxobacteria of Peruani et al. [10] show phase separation into dense, ordered clusters that do not order globally. Hence their GNF scaling is a trivial consequence of the phase-separation into dense clusters.
• In the 'mesoscale turbulence' paper of Wensink et al. [11] , GNF are only reported for a numerical model of rods, again in clustering/incoherent phases without long-range order.
• In the fibroblast cells paper of Duclos et al. [12] , GNF are measured in a domain phase with many topological defects and a finite correlation length. The correlation function of their orientation field were quite nicely fitted by an exponential function, which clearly demonstrates that there exists a finite correlation length and they only have short-range order. Furthermore, Duclos et al. observed GNF even at the lowest density with very small nematic order, which is 10 times more dilute than that of confluence. Therefore, it makes the dominant origin of these GNF rather obscure.
• The actomyosin motility assay of the Bausch group [13] only shows GNF when the global flow is not straight. On the other hand, they report normal fluctuations when the system is most ordered at the beginning of the experiments, see the red data points in Fig.S5B of the Supplementary Material of Schaller et al. [13] .
• The rolling colloids of Bricard et al. [14] only show normal fluctuations due to additional long-range hydrodynamic interactions. 
